Wireless powering of a retinal prosthesis is necessary for continuous operation of the implanted device in a blind patient. Inductive link has the potential for transferring power wirelessly to such an implanted device inside the eye. However, constant motion of the eye and changes in electrode-tissue impedance results in a decrease in the inductive link efficiency. In this paper, we present a novel method to improve the efficiency of the inductive link by introducing an intermediate pair of coils to close the gap between two coils with large separation. Based on our theoretical formulation, the power transfer efficiency of the double-pair coil link is estimated to exceed the efficiency of a single-pair coil when the coupling coefficient can be improved by a conservative value of 3 times. We fabricated the double-pair coils using flexible printed circuit board technology. Measurement result confirms our initial expectation. By implementing this design, we aim to provide sufficient power for next generation retinal prosthesis which has electrode count exceeding 1000 and can consume upwards of 50 mW of power.
Introduction
A retinal prosthesis can create a sense of vision by electrically stimulating intact neural cells in the visual system of the blind [1] - [3] . Such prostheses will require continuous power transmission in order to achieve realtime moving images. Reliable transmission of power is a major performance-limiting factor for successful implementation the prosthesis. We estimate that a high density electrode array with more than 1000 electrodes will consume about 50 mW of power. This conservative estimate includes the control logic required for operation of the implant device. The supply of power to the retinal prosthesis is difficult due to many factors. Apart from the infection through exposed tethers, constant motion of the implant results in variation of magnetic coupling between the transmit and receive inductive coils. Furthermore, the need to deliver power wirelessly to eliminate the risk of electrode-tissue impedance which act as load in the system is likely to change over time from initial implantation due to tissue growth over the implanted prosthesis.
Traditionally, magnetic inductive coupling has been used for wirelessly powering of an implanted device [4] - [6] . Inductive coupling of magnetic field is an efficient way for transmitting energy through tissue. This is because electrical energy can be easily converted to magnetic energy and back using conductive coils. Also, magnetic energy propagates almost unattenuated at low frequencies through tissue [7] . The distribution of electric and magnetic fields generated by the transmit coil of an inductive link in and surrounding the eye can be determined by numerical finite element calculation using an accurate model of the permittivity values of the eye. We estimate that the wireless link will operate in the reactive near-field region due to the small separation between transmit and receive coils, compared to their sizes and corresponding operating wavelengths [8] . In order to implement a truly implantable coil, a biocompatible and flexible material is required. Also, its profile needs to be as thin as possible. This is to minimise invasiveness of the device when implanted inside the eye. The secondary circuit is most efficient when operated at its natural frequency. Adjusting C 1 so that the primary circuit has the same resonant frequency increases the voltage gain between the primary and secondary and minimizes the input voltage at the primary. However, this adjustment is complicated because for every value ofω, C 1 must be changed to maintain series resonance at the transmitter.
HIGH EFFICIENCY DOUBLE-PAIRED INDUCTIVE COILS FOR WIRELESS POWERING OF A RETINAL PROSTHESIS

Inductive Power Link
For a pair of inductively coupled coils, current flowing in the primary transmit coil TX induces a current in the secondary receive coil RX, proportional to the first current. The proportion of power that is transferred is quantified by a coupling factor k. This value ranges between 0 and 1 depending on geometrical orientation of the coils and the material properties of the coupling medium. The coupling factor is given by the following equation
where, M is the mutual inductance between the coils. For a pair of coaxial coils with dimensions as shown in Fig. 2 , the value M can be found to be
where = 4 • + 2 + 2 , and and are the complete elliptic integrals of the first and second kind, respectively [9] .
Another figure of merit which describes the property of the coil is the quality factor Q. This factor is a function of coil geometry and the electrical property of its material. It is defined as
where ω is the radial frequency and R is the effective resistance of the coil. Each coil has a unique quality factor based on its L and R values. This is indicated by subscript 1 for the TX coil and 2 for the RX coil. The ratio of power that is transferred to the RX coil from the TX coil gives a measure for efficiency of the inductive link. Maximum efficiency can be achieved when the natural frequencies of the coils are matched, and the RX coil is connected to an optimized load. This value is given by
where = 1 2 [10] . From (4), it can be deduced that maximum efficiency can be realized by designing for a higher value of Ψ. This can be achieved in two ways; by operating the link in high coupling regime as well as designing high Q coils. Also from (3), the term / can be replaced with / which results in Ψ taking the form
At high frequencies, skin and proximity effects increase the effective resistance of the coil [11] . The effective resistance can be estimated by the following equation,
Here = / where l is the length of the wire and A is the cross-sectional area. Also, A' is the reduced area due to skin effect. ′ = ( − ) 2 . The skin depth is estimated by
and the critical frequency ω crit is estimated by
Using equations (1) through (8), the maximum efficiency of the coils can be calculated. In order to operate the inductive link in high k value region, the separation between the TX and RX coils needs to be minimized [12] . Depending on the placement of transmit and receive coils, there can be a separation as large as 50 mm between the transmitter and receiver. One way to overcome this large separation is by introducing an intermediate pair of coils as shown in Fig. 2 . The maximum efficiency for this configuration will be the product of TX 1 and RX 1 , and TX 2 and RX 2 coil pairs respectively as shown in equation (9) as,
The power transfer efficiency achievable using an optimally tuned set of intermediate coils can be higher than a widely separated single coil-pair configuration. This occurs when the ratio of k values between the double coil-pair to single pair-coils is less than 3. This is easily achieved by reducing the separation by half, as the coupling value increase exponentially as a function of separation between the coils as shown in Fig. 4 . Hybrid circuit simulation combining circuit with S-parameters extracted from electromagnetic simulation of the coil shows that this is achievable in a controlled environment.
Coil Fabrication
As mentioned earlier, the inductive coils can be fabricated using flexible printed circuit technology. The geometry of coil determines the quality factor as described by (3) . Generally, a smaller the coil will result in lower Q values. The dimension of the receive coil, which is implanted in the eye, is constrained by the physical size of the eye. In order to optimize the design of the coil, empirical formulas to calculate the inductance and impedance of the coil were used. The inductance of a spiral-shaped coil can be accurately determined by using the following equation
where μ is the permittivity of the material separating the coil which is assumed to be air, N is the number of turns, d ou t and d in are the outer and inner spiral coil diameter and = ( − )/( + ). The variables C 1 , C 2 and C 4 take the values 1; 2.46; and 0.2 respectively [13] . The impedance of the coil is due to the resistivity of the material, and skin effect and proximity effects as before. Due to the rectangular profile of the conductive tracks, the effective resistance of the spiral coil can be calculated by replacing A with × ℎ, where w and h are the width and height of the coil track, respectively.
By substituting equations (6) and (10) into (3) we can plot the profile of Q as a function of track width and coil turns (Fig. 5) . For any particular operating frequency, there exists an optimum Q value for which corresponding w and N values can be determined. As an example, the coils were designed using a printed circuit technology which allows for a minimum feature size of 4 mils. We determined that maximum Q value occur at a frequency of 2.9 MHz. The corresponding w and N values are 4 mils and 70 turns, respectively.
A series of different sizes of double-pair flexible coils were fabricated for testing. A minimum of two layers of Cu was necessary to route the coils to a distant connector. The Cu track is 35 μm thick and 4 mils (101.6 μm) wide. A 25 μm thick polyimide substrate was sandwiched in between the Cu tracks. The total thickness, including adhesive, of the flexible coil is 235 μm. Because conventional flexible circuits consist of Cu tracks on polyimide substrates, they are not suitable for chronic implantation use.
In the future, we intend to port the current design to a different process which utilizes biocompatible materials such as Au or Pt tracks on parylene or polyurethane substrates.
Result and Discussion
The flexible coils were characterized by using a network analyzer (Agilent E5071C). The impedance of the coils was close to the value predicted by eq. (10) . In order to test the power transfer efficiency of the coils, a power amplifier for the transmit coil and a rectifier circuit for the receive coil was designed. A class AB power amplifier capable of driving up to 3 W of power was designed using two operational amplifiers (THS3092) connected in a push-pull configuration. The rectifier was implemented using Zener diodes (BAR43S) into a full-bridge configuration. A 100 pF capacitor (100PF50V) each were connected in series with the transmit coil and parallel to the receive coil. The output of the rectifier was connected to resistors with known values which act as load to the system.
A set of double-pair coils with the parameters as shown in Fig. 7 were tested. For single-pair configuration test, only the transmit and receive coils were used. For double-pair configuration, the intermediate coil was placed in between the transmit and receive coils. During the experiment, separation between the coils were increased at 1 mm intervals and the input power to the system and output at the load were measured. We define efficiency as the ratio between output to input powers. Fig. 8 shows the measured efficiency. As predicted by equations (4) and (9), the efficiency of the double-pair coil is lower compared to a single-pair coil for the same gap between each coils. However, it can be seen that efficiency for the double-pair coil at 1 mm separation equals to that of the single-pair coil at of 3.1 mm separation. Hence, the tradeoff between efficiency and coil separation is clear. If the separation for the double-pair coils can be reduced significantly compared to the single pair coil, the increase in efficiency due to decrease in separation will balance out the reduction in efficiency due to an additional pair of coils. The double-pair coil concept is particularly useful for application in the eye as possible location of the coils is severely limited.
Conclusion
Based on a double-pair coil configuration, we developed a wireless power link for the retinal prosthesis using flexible printed spiral coils. The theory behind the doublepair coil was developed and multiple set of coils were fabricated and tested. We demonstrated high power transfer with the potential of achieving our target of 50 mW for a high-density electrode array retinal prosthesis.
